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Abstract

A new matrix resin system, consisting of a comnadhciavailable cyanate ester, an oligomeric
phenylethynyl terminated imide and a compatibiliarboth systems is used for the manufacturing of
CFRP laminates by LCM processes. The solubilitthefpolyimide within the cyanate ester as well as
the physio-chemical and mechanical properties @Lifireinforced resin in the cured and uncured state
are determined using various characterisation igakes. Based on these investigations, the optimum
process conditions for the manufacturing of CFRRicttires are determined. The thermal and
mechanical properties of the CFRP laminates matwfeat by handlaminating and VARTM are
determined. The manufactured CFRP laminates shoywgand thermal and mechanical stability up
to temperatures of 250°C over a longer periodréti

1. Introduction

Currently the applications of polymer based contgssin aerospace parts exposed to higher
temperatures (>250°C) are limited. Carbon fibenfrgiced composites (CFRP) that are manufactured
with commercially available epoxy resins have a anidong-term durability under elevated
temperatures compared to other thermoset systentd) as cyanate esters, bismaleimides or
polyimides. Especially polyimides show superiorgadies in terms of thermal stability, mechanical
performance even under elevated temperatures agdtéom thermal stability compared to standard
aerospace materials. However, these systems ativedl costly and present challenges during
processing. In this regard, polyimides suffer freery high melt viscosities and very high curing
temperatures, which restricts their commercial igpfibns tremendously.

After the first synthesis of solvent based and atled polymerized monomeric reactaiPMR)
polyimides by United States Airforce and NASA raskaprogram$), the development of polyimide
resin systems have attracted a large intereseifi¢kd of high temperature resins. Due to the faat
PMR resins suffer from complex and lengthy curdeyas well as extended postcures, microcracking
is often a problerff! A promsising alternative to PMR resins are phethyleyl terminated imides, so
called PETI resin§! Unlike PMR resins, PETI resins are based on oliggien phenylethynyl
terminated imides, whereby the toxic diamine speideovalently bonded in the imide structure. This
means that no toxic volatiles are emitted during ¢hosslinking of the uncured resins. A commonly
used anhydride species for endcapping is phenylgtiphthalic anhydridd, which is mainly
responsible for the high costs of the raw materRETI resins show good toughness, microcracking
resistance and excellent thermooxidative stabilitythe cured staté. Nevertheless, PETI resins
possess injection temperatures of 250°C to 30018 viscosities of ~1000 mPasand must be cured

at 350°C to 400°C, which cannot be realised in @y aerospace program. For that reason, suitable
modification strategies have to be developed ireotd make PETI resins processable in commercial
processes.

Hamerton and Bartéth showed that a copolymerisation of cyanate esteds tismaleimides is a
promising solution for toughening of brittle cyamadsters without the loss of the thermal properties
As cyanate esters and bismaleimides do not resmsttlyi with each other, a chain extender in thenfor
of an allylic bisphenol A compound is added to tksin mixture. It could be shown that an ene-
reaction followed by a Diel-Alder reaction and #lialng rearomatisation takes place during the
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crosslinking of these three compounds. In this néigaecent studies demonstrated that the
commercially available compound diallyl bispheno{[2ABPA) is one of the most effective modifiers
for BMI resins to improve the mechanical propert&a®n under elevated temperatdfesn recent
studies we could show that a coreaction betweennmmngially available cyanate esters and PETI
resins take place, when a suitable compatibiliseadded to the resin mixtufe.In this regard, a
proposed mechanism for the reaction between alpgisdant groups of the compatibilizer and the
phenylethynyl functions of the PETI resin was dibsat based on DSC, DMTA, TGA and SEM
studies® This coreaction resulted in a material that showey unique properties in terms of thermal
and mechanical performance. This study describesrtanufacturing of CFRP structures by LCM
techniques with the recently developed resin systelore precisely, the properties of the resin
mixture for LCM approaches are investigated coriogran optimised process window. Furthermore,
the mechanical properties of the CFRP structurés tive resin mixture are determined.

2. Experimental

21. Materialsand Methods

A commercially available novolac based cyanater&fe (PrimasetPT 15° from Lonza Group AG
(CHE)) and a phenylethynyl terminated imigle (PETI 33 from UBE Industries Ltd. (JPN)) in
combination with 2,2"-diallylbisphenol BABPA (GP Chemicals Inc. (USA)) are used for the
formulation of the uncured resin mixtures. All clieats are used without further purification steps.
Before using, theCE is degassed at 80°C for 30 min. After the additidrPl and DABPA, the
resulting mixture is degassed at 90°C for 45 min.

For the manufacturing of carbon fiber reinforcenhilzates, a G0939 fabric (Hexcel Corp. (USA)) was
used as fiber reinforcement. Nine plies of G093 aisetup of [Q) are stacked to achieve a laminate
thickness of ~2 mm. This setup is used in all mactufring trials.

2.1.1. Preparation of CFRP laminates by handlaminating

After the resin is degassed at 90°C, the mixtuteested to 100°C and applied onto every ply of the
setup so that a fibre volume content of approxityei&% is achieved. The entire setup is heated to
100°C and vacuum is applied (Figure 1). The compdsiminate is cured with the following cure
cycle:

1. 100°C~-> 150°C (2 K/min)
2. 150°C- 1 hisotherm
3. 150°C- 180°C (2 K/min)
4. 180°C-> 2.5 hisotherm
5. Free standing postcure in convection oven: 250t@ fo and 300°C for 2.5 h
After the curing cycle a degree of cure of appratiely 98% is achieved (determined by DSC).
weave
Vacuum Vacuum membrane
laminate
Vacuum bag Seperation foil
Peel-Ply
E

|

Aluminium table

Figure 1: Setup for handlaminating process.

Christoph Meier, Patricia P. Parlevliet, Manfredeing



Excerpt from ISBN 978-3-00-053387-7

ECCM17 - 17" European Conference on Composite Materials
Munich, Germany, 26-30June 2016 3

2.1.2. Preparation of CFRP laminates by vacuum assisted resin transfer molding (VARTM)
The setup for VARTM approach is illustratedrigure 2

Sprue

Mould Press

Seal ring

Vacuum

Laminate

Figure 2: Setup of VARTM approach.

After the resin is degassed at 90°C, the mixtuteemted to 130°C in a convection oven and is placed
in a 130°C hot injection vessel. The dry G0939 ifals placed in the press and the setup is heated t
150°C. A pressure of the press of 600 kKN and vacisuapplied. Afterwards, the resin is infiltrated
with a pressure of 1 to 3 bar into the G0939 fabfiben the setup is fully impregnated, the follogvin
cure cycle is applied:

1. 150°C-> 180°C (2K/min)

2. 180°C~> 2.5 hisotherm

3. Free standing postcure in convection oven: 250tQ to and 300°C for 2.5 h.
After the curing cycle a degree of cure of appratiely 98% is achieved (determined by DSC).

3. Resultsand Discussion
A major requirement for LCM processes is that thewred resin system is a homogenous low viscous
liquid. This means that the uncured resin matrixsirioe free of phase separated additives. The
combination of a commercial PETI resin and a cyarester is based on the observation that the
uncuredPl shows a very good solubility within tHgE at elevated temperatures, which is shown by
the microscopy investigations illustrated in_FigBre

RT 125°C - 150°C 180°C

Figure 3: Microscopy investigations of a mixture BF (solid phase at RT) ar@E (liquid phase at
RT) at different temperatures.
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Figure 3 shows that a good solubilityRifin CE can be achieved at temperatures over 125°C. If suc
a resin combination would be cured with the helppcfuitable catalyst for the cyanate ester or at
elevated temperatures, a fully non-covalent integp@ating polymer network (IPN) would result. In
such a fully non-covalent IPN, the thermal and na@@tal performance of the resulting material is
restricted by the component with the lowest prapsrtiin order to combine the favourable properties
of PI (e.g. mechanical properties and long-term thestadility) with the high desirable properties of
CE (e.g. low viscosity, very low moisture uptake) aondeduce the negative properties of both resins,
a suitable compatibilizer in terms of 2,2"-dialligphenol ADABPA must be addedABPA is able

to react withCE andPI so that the two separated networks are covalentiyected with each other
in the cured state. The coreacticABPA with CE andP! is described elsewhéfe

Based on the DSC experiments presented in recediest, suitable curing cycles are postulated,
which are described in chapter 2.1.1. In additiomestigations of the unreinforced resin properias
performed depending on the amounPbfthat is added to the resin mixture. The resubtsilarstrated

in Figure 4.
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Figure 4: Summary of neat resin properties of a resin méaf CE/PI/DABPA.

In Figure 4 one can see that thei terms of the maximum of tas)(of the fully cured materials is
between 304°C and 328°C. With an increasing amoti, the Ty first increases but decreases at
amounts ofPl greater than 8 wt.-%. This effect can be attrilute a decreased crosslink density of
the thermoset network deriving from the mixtureteb components. Furthermore, the: Kalue
increases with an increasing amoun®bfrom 0.05 MPalm up to 0.59 MPém. Moreover, the water
uptake of the materials is measured by immersionoofpons in 70°C destilled water for 14 days.
Figure 4 shows that the water uptake of the mdsedecreases with an increasing amounilofA
constant water uptake of ~1.5 wt.-% is achieveldigtt amounts oPI. In the uncured state, it can be
observed that the viscosity of the materials atC2Bcreases with an increasing amounPbfUp to

an amount of 11 wt.-9%I, the viscosity is smaller than 500 mPas. This toalt viscosities and the
results from the dissolution experiments show that CE/PI/DABPA materials can be used in
common LCM processes. On the basis of the resblmned from the characterisations of the neat
resins in Figure 4, an optimum amount of 11 wt.£#lg 86.25 wt.-%CE and 2.75 wt.-%®OABPA is
chosen for further resin characterizations andtfier manufacturing of all CFRP laminates. The
properties of the unreinforced resin plate manufact with such a composition is summarized in
Tablel.
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Table 1. Summary of the properties 6E/PI/DABPA unreinforced resin plate with a composition of
86.25 wt.-%CE, 11 wt.-%PI and 2.75 wt.-YDABPA.

Tsd,02 H125°C Kic Water

T,(C) g Jower Tensewet (of) (mPas) (MPaim) Uptake
(©) (O (0 ptaks

320 301 278 263 424 40 0.55 151

Additionally, the thermooxidative properties of th@reinforced resin mixture are investigated in
comparison to commercial epoxy aerospace materastfuctural bearing parts and the unmodified
Primaset PT 18 cyanate esteEE as reference. The results from the thermooxidatigeriments are
summarized in Figure 5.

—m—CE 220°C

—@— CE250°C

55 —A— CE/PI/DABPA 210°C
—W¥— CE/PI/DABPA 220°C
—4— CE/PI/DABPA 250°C —»
—<«q— Standard epoxy reference 210°C _—

—p— Standard epoxy reference 220°C _—

weight loss (wt.-%)

. . . . . . .
0 50 100 150 200
t(h)

Figure5: Summary of thermooxidative degradation experim@fCE/PI/DABPA with 11 wt.-%PI
(blue, magenta, greerQE (black, red) and standard epoxy aerospace mafeaay, violet) at
temperatures of 210°C, 220°C and 250°C.

The thermooxidative degradation behavior of @&'PI/DABPA material with 11 wt.-9%1 is similar

to the thermooxidative properties of the n@&tresin. Both thermosets show a very low weight kiss
temperaturs above 220°C. No weight loss can berobdet 210°C and 220°C. At 250°C the weight
loss is below 1.2 wt.-% after 200 h. In comparigonthe high temperature resistant materials, the
weight loss of the standard epoxy aerospace mhtsriignificantly higher at 210°C and 220°C,
which means that the new matrix system shows supix@rmal properties. In comparison to standard
cyanate ester material, the new resin system slabwesast the same thermooxidative properties but
superior water uptake and significantly increasedmanical properties (see Figure 4).

Two approaches for the manufacturing of CFRP airest with the new thermoset system are
considered. First, CFRP structures are manufacusid) a simple handlaminating process. The setup
for such a process is illustrated in Figure 1 (©eapter 2.2.2.). The process parameters as wiikeas
cure cycle of the laminates are reported in chah®g2. as well. In order to obtain a good dissotut
quality of thePl in the CE, an isotherm at 150°C is intercalated before cui@h 180°C. After
postucring at 300°C, the profile of the CFRP lartésaobtained by handlaminating process showed a
good optical quality, which was investigated by mo&copy (Figure 6, upper left and right).
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Nevertheless, the developed thermoset matrix systerald be applied in an industrial process that is
reliable and reproducible. Hence, VARTM experimemtth the new matrix resin system are

performed. The setup of this process (Figure 2yeal as the process paramters are reported in
chapter 2.2.2. After postucring, the profile of BERP laminate obtained by VARTM is illustrated in

Figure 6 (bottom left and right). It shows that tlaeninates manufactured by VARTM have less
ondulations and a better fiber volume fraction thithe laminates obtained by handlaminating.
Moreover, the VARTM laminates show to have a cdasisthickness over the entire laminate.

Figure 6: Microscopy pictures of the profiles of CFRP laatigs withCE/PI/DABPA (11 wt.-%PI)
resin matrix and G0939 fabirc: upper left and rigiaindlaminating; bottom left and right: VARTM.

The infiltration of the resin in the course of MARTM process is performed at 130°C. The physical
condition of the uncure@E/PI/DABPA mixture at 130°C is homogenous, low viscous ligtidnce,

no isothermal temperature step at 150°C must Hempsed to obtain a good solubility & in CE. In
order to investigate the processability of therresistem and to guarantee suitable process window,
rheological experiments are performed (Figure 7).
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Figure 7: Isothermal viscosity measurement<Gi/PI/DABPA with 11 wt.-%PI. Left: isothermal at
120°C and 130°C; right: isothermal at 150°C.

The left graph in Figure 7 illustrates that theimesystem possesses a viscosity below 100 mPas afte
two hours at 130°C, which indicates good stabiityd an extended process window at elevated
temperatures. The press with the preform is heapetb 150°C in order to accelerate the infusion
process by decreasing the viscosity of the uncresith and additionally to ensure a good dissolution
of PI within the liquid resin during the infusion. Thight graph in Figure 7 shows that the viscosity of
the resin at 150°C is below 100 mPas after 30 ragiun this regard, it is observed that the G0939
fabric with dimensions of 65 cm X 35 cm X 2 mmidilirated with the resin system in less than one
minute. Therefore, the applied preform temperabafr@50°C is suitable for a fast infiltration of the
resin system.

The T, and the T, Of the resulting CE/PI/DABPA CFRP laminates is 316°C and 280°C,
respectively obtained by means of DMTA. The mectanproperties in terms of the ILSS value of
the resulting material are illustrated in Figure 8.
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Figure 8: ILSS Values ofCE/PI/DABPA (11 wt.-%PI) + G0939 CFRP laminates.
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Figure 8 shows that the ILSS value of the mateiimls43 MPa. The ILSS values of the material
manufactured by VARTM shows less variation thanvhkies of the handlaminated (HL) material.
Most important, no decrease of the ILSS value @oliserved after ageing of the material at 250°C
over 100 h under oxidative conditions. In addititme Ty and the T, of the thermooxidative aged
material is 317°C and 269°C, respectively obtaibgdmeans of DMTA. In combination with the
results from Figure 5, it can be concluded thatsignificant decrease of the thermo-mechanical
properties can be observed up to 250°C.

4. Conclusions

The properties in terms of solubility, process #itgh thermal as well as mechanical values of the
recently developed resin system consistingC&f, Pl and DABPA are determined. The uncured
matrix is a homgenous liquid with a viscosity of @@as at the infiltration temperature of 130°C. For
the manufacturing of CFRP laminates, handlaminaswell as VARTM experiments are performed.
It shows that with both processes, laminates wio@d quality can be manufactured. With VARTM,
a better laminate quality in terms of a higherdilwolume fraction and a consistant thickness can be
obtained than with handlaminating. The results iokth by the ILSS experiments as well as the
thermooxidative experiments reveal that no sigaificdegradation of the material and consequently
no decrease of the mechanical properties occup ueniperatures of 250°C over a longer period of
time. Hence, the materials can be used for highpéeature applications. In summary, the new
material shows significantly decreased processnpeters in terms of injection viscosity, injection
temperature and curing temperature and beyondréltlatced costs compared to commercial PETI
resins.
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